ABSTRACT
A dolescent idiopathic scoliosis (AIS) is a complex 3D deformity of the spine that affects approximately 4% of school children worldwide. 1 Despite intensive research in the past decades, the pathophysiology of AIS remains uncertain. 2 There is, however, growing evidence suggesting that an underlying neurologic disorder may be a causative factor of AIS. 3 Previous studies have reported changes in central nervous system structures in patients with AIS based on advanced medical imaging modalities. [4] [5] [6] Furthermore in a number of MR imaging studies, the observable changes in morphologic shape and position of the cord, 7 mismatch in lengthening between the cord and vertebral column, 8 and increased incidence of low-lying cerebellar tonsils 9 have led to the postulation of the presence of subclinical tethering of the spinal cord in AIS. 10 The proposed disturbed spinal cord function in AIS was further supported by the clinical observation of abnormal somatosensory function, which has been widely reported in this group. Prolonged latency or absent waveforms in posterior tibial nerve somatosensory evoked potentials (SEPs) were reported in 12%-61% of patients with scoliosis in different series. 8, [11] [12] [13] A previous study also suggested that balance control was affected by somatosensory input. 14 In the study by Cheng et al, 15 14.6% of patients with AIS had abnormal SEPs with either prolonged latency or decreased amplitude, while tonsillar ectopia was found in 33.3% of those with abnormal SEPs. A subsequent study with detailed analysis of SEPs recorded at 3 different levels (popliteal fossa, cervical level C4 -6, and the scalp) showed that in patients with AIS with abnormal SEPs, the readings were only abnormal at the scalp level, while the readings at the popliteal and cervical regions were normal, indicating that the level of abnormality along the somatosensory pathway was superior to that at the cervical C5-6 level. 16 DTI is a recent advanced imaging technique to evaluate WM architecture within the brain and spinal cord in vivo. 17 This technique can detect the microstructural changes of the WM and is presently a promising tool to study WM fiber bundles in vivo. In recent years, the advanced technique has been increasingly used to examine the spinal cord parenchyma for multiple diseases, including myelitis, spinal cord injury, 18 multiple sclerosis, 19 and intramedullary spinal cord neoplasms. 20 On the basis of the observation of tonsillar ectopia, relatively tethered cord, and abnormal SEP, we hypothesized that there is disturbed WM integrity within the brain stem and the spinal cord, most likely at the more cranial level as indicated by the level of SEP abnormality in the previous study. 16 The disturbed WM integrity is likely reflecting underlying cord abnormality in patients with AIS in addition to their skeletal abnormality. We sought to prove the above hypothesis by evaluating the fractional anisotropy (FA) and mean diffusivity (MD) values of the spinal cord and correlating them with the position of cerebellar tonsils and balance testing.
MATERIALS AND METHODS

Subjects
Thirteen girls with AIS and 13 age-matched healthy girls were recruited. The AIS group consisted of patients with a dominant right thoracic curve (the most common curve type in AIS) from 11 to 16 years of age (mean, 13.6 years of age). The Cobbs angle ranged from 16°to 37°(mean, 24.67°). They were consecutively recruited from our outpatient clinic. The healthy controls were recruited from local schools and were from 12 to 15 years of age (mean, 13.9 years of age). Inclusion criteria of AIS were the following: 1) age between 12 and 18 years, 2) right thoracic curves, 3) availability of medical history from the parents or legal guardians. Inclusion criteria of healthy controls were the following: 1) age between 12 and 18 years, and 2) no signs of scoliosis from the annual assessment by the Student Health Service. Exclusion criteria for both patients with AIS and healthy controls included any history of head or back injury; neurologic symptoms such as headache, weakness, or numbness in any limbs; urinary incontinence; nocturnal enuresis; or any space-occupying lesion found on screening MR imaging. All participants were right-handed Chinese adolescents with normal neurologic examination findings. Approval was obtained from the ethics committee of the hospital and university.
MR Imaging Data Acquisition
All MR imaging examinations were performed on the brain and spinal cord for each subject by using a 3T scanner (Achieva TX series; Philips Healthcare, Best, the Netherlands). An 8-channel sensitivity encoding head coil was used to acquire T1-weighted images and DTI covering the whole brain. Brain T1-weighted images were obtained by using a 3D fast-field echo imaging sequence with the following parameters: TR ϭ 18 ms, TE ϭ 2.4 ms, FOV ϭ 210 ϫ 210 mm 2 , flip angle ϭ 30°, NEX ϭ 1, matrix ϭ 232 ϫ 232, section ϭ 200. Brain DTI was performed by using the single-shot EPI sequence with the following parameters: TR ϭ 8667 ms, TE ϭ 60 ms, FOV ϭ 224 ϫ 224 mm 2 , flip angle ϭ 90°, NEX ϭ 1, matrix ϭ 112 ϫ 109, section ϭ 70, section thickness ϭ 2 mm, gap ϭ 2 mm. After reconstruction, images were zeropadded and interpolated to 224 ϫ 224 with a voxel size of 1 ϫ 1 ϫ 2 mm 3 . Thirty-two directions of diffusion gradients with b-value of 1000 s/mm 2 and 1 B0 volume were collected. A 15-channel sensitivity encoding spine coil was used to scan the spinal cord for each subject. Conventional T2-weighted images were acquired with a turbo spin-echo sequence with the following parameters: TR ϭ 4048 ms, TE ϭ 120 ms, flip angle ϭ 90°, NEX ϭ 2. Spinal cord DTI was acquired at the upper, middle, and lower parts with sufficient overlapping areas. Figures 1A-C show an example of these 3 parts. In each part, sagittal sections parallel to the long axis of the subject's body were acquired to cover the whole spinal cord. Thirty sagittal sections were collected for the healthy girls in each part. Due to the curves of spinal cord in AIS, an equal or larger number of sagittal sections, ranging from 30 to 40, were required to capture the entire spinal cord. Spinal cord DTI was performed by using the single-shot EPI sequence with the following parameters: TR ϭ 8180 ms, TE ϭ 63 ms, FOV ϭ 130 ϫ 219 mm 2 , flip angle ϭ 90°, NEX ϭ 6, matrix ϭ 64 ϫ 110, section thickness ϭ 2 mm, gap ϭ 2 mm. After reconstruction, images were zero-padded and interpolated to 224 ϫ 224 with voxel size of 0.98 ϫ 0.98 ϫ 2 mm 3 . Six directions of diffusion gradients with a b-value of 500 s/mm 2 and 1 B0 volume were collected. The number of gradients was reduced compared with the brain DTI because of time constrains because DTI acquisition of the whole spinal cord required 3 separate sessions. Together with the morphologic T2-weighted sequences, the total scanning time of the spinal cord was 30 minutes or longer if the scoliosis curve was severe. The scanning time was, therefore, kept to a minimum to avoid motion artifacts and discomfort of the subject while image quality was acceptable for analysis.
MR Image Preprocessing
The FMRIB Diffusion Toolbox (http://www.fmrib.ox.ac.uk/fsl/ fdt/index.html) 21 was used to perform preprocessing of brain and spinal cord DTI datasets. Distortion correction was first performed to remove eddy currents and motion artifacts. Diffusion tensors and parameters, including FA, colored FA, and MD, were then computed in the Diffusion Toolbox by using the robust weighted least-squares fitting method.
Quantification of Fiber Integrity of the Spinal Cord
For each subject, diffusion tensor images of the spinal cord were adjacently stitched together to produce the DTI of the entire spinal cord. 22 In brief, the adjacent diffusion tensor images were first aligned by using a feature-based registration algorithm. All the images were then warped to the same space and were stitched together by using an effective feathering approach with the Log-Euclidean metrics. The FA and MD scalar maps were visualized to evaluate the effectiveness of the stitching results. Figure 1 shows an MD map of the stitched spinal cord DTI from 1 healthy subject.
Region-of-Interest Definition of FA and MD for the Medulla Oblongata and Spinal Cord
A commonly used method was adopted to evaluate the mean value of the DTI metrics on the whole medulla oblongata. 23 The medulla oblongata was first manually defined on the high-resolution T1-weighted image. The inferior margin was defined at the level of the foramen magnum, while the superior margin was defined at the level of the bulbopontine sulcus. The defined region was mapped to DTI space by affine-registering the T1 image to the B0 image by using a linear image registration approach 24 A segmental approach was used to obtain different ROIs throughout the spinal cord because it was not feasible to adopt a voxel-by-voxel approach in view of the anatomy of the cord and the intrinsic limitation that the high-dimensional tensor structure of DTI could not be directly used for analysis. The spinal cord was segmented and numbered according to its corresponding vertebral levels from C2 to L1. The FA and MD values were then measured at different intervertebral disk levels (ranging from C1/2 to T12/L1, shown in Fig 2) . Eighteen ROIs were obtained in each subject. ROIs were manually drawn on FA maps at every axial section at designated levels along the whole spinal cord. To ensure the proper anatomic localization, an experienced research associate with neuroradiology training was responsible for identifying and drawing the ROIs. Besides, special attention was paid to avoid CSF and the gradient inhomogeneity effects in the region-of-interest selections. 19 Each region of interest included approximately 50 voxels at each level. With the resolution of 0.98 ϫ 0.98 ϫ2 mm 3 , the volumes were approximately 100 mm 3 . Special attention was made to avoid partial volume effects from the CSF during the selection of ROIs.
Measurement of Cerebellar Tonsil Level
Because low-lying tonsils have been commonly reported in AIS and this finding might be related to the severity of cord tethering and might exert some compressive effect on the brain stem/cervical cord, the position of the cerebellar tonsil was assessed on the midsagittal image according to the method described in previous studies. 8, 15, 25 The level of the cerebellar tonsil relative to a reference line connecting the basion and opisthion line was measured according to the method described by Aboulezz et al (Fig 3) . 26 The distance measured from above the basion and opisthion line was conventionally assigned as a positive value, while the distance measured below the basion and opisthion line was assigned as a negative value.
Measurement Reproducibility
For FA and MD assessment of the medulla oblongata and spinal cord at different levels, we strictly obeyed the precise anatomic definition for the ROIs. Figure 4 shows the FA and MD maps of 1 axial section at the C2-3 level from 1 healthy control. The boundary can be manually recognized without difficulty. The intraclass correlation coefficients of intraobserver variation for the medulla oblongata and different segments of the spinal cord were measured for FA and MD to test the reproducibility of the measurements. The mean intraclass correlation coefficient for FA was 0.91 (ranging from 0.86 to 0.99). The MD mean value was 0.85 (ranging from 0.79 to 0.96). The level of the cerebellar tonsils was independently measured by 2 observers (1 radiologist and 1 research associate who had 3 years of experience in MR imaging measurement). The intraclass correlation coefficient was 0.89.
Postural Balance Study
Smart Equitest-Computerized Dynamic Posturography (NeuroCom International, Clackamas, Oregon) was used for the study. A standardized sensory organization test (SOT) 27 protocol was used to identify objectively any abnormalities in the postural control. The SOT measured how well a patient could maintain their postural stability under 6 sensory conditions: 1) normal vision, firm surface; 2) eyes closed, firm surface; 3) sway-referenced visual surroundings, firm surface; 4) normal vision, swayreferenced surface; 5) eyes closed, sway-referenced surface; and 6) swayreferenced visual surroundings, swayreferenced surface. The equilibrium score quantified the center of gravity sway or postural stability under each of the 3 trials of the 6 sensory conditions.
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Statistical Analysis
Between-group comparisons of FA and MD values were performed at the medulla oblongata and all the segments by using the 1-way ANOVA test and the false discovery rate, with P ϭ .05 used to correct the multiple comparisons. Due to a small sample size, a Spearman correlation was performed to look for relationships among FA/MD values, tonsillar level, and the SOT score.
RESULTS
FA and MD Values in the Medulla Oblongata and Spinal Cord
The mean values of FA and MD obtained from ROIs at different levels of the medulla oblongata and spinal cord were compared between the AIS and healthy control groups. The summary of FA and MD values (mean Ϯ SE) at different levels is shown in /s). The data above were in agreement with measurements from a previous study. 28 The patterns of variation of FA and MD along the spinal cord were similar in the AIS and healthy groups. Statistical analysis revealed significant difference in FA values between the AIS and control groups (P Ͻ .05). The FA values in the AIS group were significantly lower at the medulla oblongata and along the cervical cord at C1-2, C2-3, C3-4, and C4 -5 levels. Significantly higher MD values were observed in all the corresponding levels when comparing the AIS group with normal controls (P Ͻ .05). The results are summarized in Tables 1 and 2 . There was, however, no significant difference in FA or MD values in the cord between the 2 groups from C5-6 downward, including the entire thoracic cord. In the AIS group, a significant correlation was found between the Cobbs angle and FA at the T8 -9 level (P ϭ .002), which corresponded to the level of the scoliotic apex in most of the subjects in this cohort; the FA values, however, showed no significant difference between patients with AIS and controls.
Cerebellar Tonsil Level and Correlations
The tonsil level between patients with AIS and healthy controls was analyzed. The average tonsil level was Ϫ0.28 mm (range, Ϫ9.07-5.11 mm) in AIS, while it was 1.32 mm (range, Ϫ5.47-5.43 mm) in healthy controls. A positive value indicated the tip of the tonsil above the basion and opisthion line and vice versa. Although the level of the cerebellar tonsils was lower than that in controls, this did not reach statistical significance (P ϭ .165), likely, in part, due to the small sample size.
In general when taking into account all subjects (both patients with AIS and healthy controls), there was no significant correlation between the FA values in the medulla oblongata/spinal cord and the tonsillar level. However, if only the AIS group was considered, a significant correlation was noted between the tonsillar level and FA values at C4 -5 (P ϭ .007 and correlation coefficient ϭ 0.707), while a trend toward significance was at C7-T1 (P ϭ .059, correlation coefficient ϭ Ϫ0.536). No such correlation was observed in the healthy control group.
SOT Findings
For the SOT, a lower score was observed in AIS only at condition 6 (ie, sway-referenced visual surroundings, sway-referenced surface). A borderline significance was found in the correlation between the SOT core and FA values at the medulla (P ϭ .05).
DISCUSSION
A number of studies have analyzed the morphologic changes within the central nervous system in AIS. 29, 30 MR imaging has long been used for assessment of the brain and spinal cord in AIS in view of its high resolution and excellent soft-tissue contrast. 10 Geissele et al 31 following the curve of scoliosis on T2-weighted MR imaging. In previous works, 7, 8, 30 significantly reduced ratios of spinal cord to vertebral column were found in patients with AIS by using multiplanar reformatted MR imaging. All the above observations were based on conventional MR imaging, which only revealed macroscopic information of the brain stem and spinal cord. DTI provides information about the anisotropy and diffusivity of WM fibers within the central nervous system and, hence, is more sensitive to pathologic changes compared with conventional MR imaging. In this pilot study, we used the DTI technique to evaluate the medulla oblongata and spinal cord of the patients with AIS at the microstructural level, which might help to understand the pathophysiology accounting for the abnormal SEP, which was commonly observed in this group. In this study, we applied the DTI technique to examine the entire spinal cord in AIS. In previous studies, only part of the cord was examined because this was the intrinsic limitation of DTI by its relatively small FOV. 33, 34 In this study, we have used an effective validated in-house method, 22 which enabled analysis of the entire spinal cord by stitching DTI acquired at different levels. As the diffusion tensor images of the entire spinal cord were stitched and connected together, ROIs could then be correctly positioned with reference to the vertebral and intervertebral levels. However, there were still technical difficulties that we tried to overcome as illustrated below: First, compared with brain DTI, the small structure of spinal cord was more sensitive to distortion derived from eddy currents and physiologic artifacts. The distortion can potentially occur on DTI of both healthy controls and patients with AIS. It may lead to inaccurate calculation of diffusion tensors and scalar maps. Of note, it was even more challenging for patients with AIS compared with healthy controls. The stretching of the cord in AIS made it lie closer to the thecal sac and spinal canal over the curved segments, 8, 33 leading to gradient inhomogeneities in these areas. Furthermore, the ROIs were defined in an oblique manner in the coronal view at the curved segments. The powerful Diffusion Toolbox was used to correct the distortion. To minimize measurement errors due to the intrinsic limitations of DTI in the spinal cord, we did not include the voxels influenced by gradient inhomogeneities in the region-ofinterest definition. A relatively large number of voxels were selected to reduce the influence of the oblique manner of region-ofinterest selection in patients with AIS. The curves of the patients with AIS in our study began at a vertebral level lower than T6; hence, when we compared FA and MD values between patients with AIS and controls, measurements were only affected by the above factor in segments below T6, while measurements at the cervical segments were not affected. Last, in our study, different numbers of noncollinear gradients were used for the brain and spinal cord DTI. A relatively small number of gradients were acquired for the spinal cord DTI compared with the brain DTI. This may affect the accuracy of the tensor estimation. To maximally reduce the influence, we applied the robust weighted least-squares fitting approach to guarantee the high image quality in the spinal cord DTI. Significant differences in FA and MD values were found along the medulla oblongata and the cervical spinal cord in AIS. These changes were correlated with the SEP dysfunction that was reported in AIS as discussed in the introduction. Recent studies demonstrated a correlation between DTI and SEP, [35] [36] [37] in which a decrease of FA values was found to be associated with abnormal SEPs. 35, 36 Petersen et al 35 proposed that both DTI metrics and neuronal excitability were affected by morphometry and permeability of the axonal membrane to water. In our study, a decrease in FA values within the medulla oblongata and from C1-2 to C4 -5 cervical cord levels in AIS was in agreement with previously observed high percentage of disturbed somatosensory function in this group. Most interesting, a correlative relationship was also found between the tonsillar level and abnormal FA values in AIS. Our proposed explanation for the above changes was that there was an anatomic compression of the relatively low-set cerebellar tonsil 9 onto the craniocervical junction. This subclinical type of cord compression might affect the neural pathway above and below the maximal area of compression (ie, the lower part of the brain stem [the medulla oblongata] and the upper cervical cord region). Another consideration was that the cord compression caused by the low-set tonsils could be dynamic and might not be readily reflected by the static MR images of the subjects with AIS who were scanned in a supine position. However, the tonsil might descend further and the cord compression might be more significant when the patients with AIS resume an upright position, hence causing chronic insult to the brain stem and cervical cord during the daytime. The DTI findings support our proposed hypothesis of disturbed WM integrity within the brain stem and spinal cord, which, together with low-lying cerebellar tonsils, is an associated feature of a tethered cord in AIS. The changes in FA and MD are in line with abnormal SEPs observed clinically. One of the main limitations of our study is that we did not have SEP correlations due to equipment malfunction. However, SEPs have been well-documented and reproduced in other studies. 8, [11] [12] [13] [14] [15] We are confident that a consistent observation will be found in the current cohort if SEP testing has been performed. However, in future research, the SEP abnormalities should be further quantified and correlated with the FA/MD values to enhance a better understanding of the relationships between anatomic and electrophysiologic derangement within the cord in AIS with different curve severity and resulting cord tethering. In this study, we tried to look at other available clinical tests for correlation. The SOT test was, therefore, chosen. A lower score at SOT condition 6 (ie, sway-referenced visual surroundings, swayreferenced surface) with borderline correlation with FA values at the medulla might not be just a causal relationship because part of the function of the medulla is body balance. The disturbed WM integrity at the medulla level might, therefore, affect the balance control, which was reflected by a lower SOT score in this particular condition 6 when the body relied heavily on brain stem input to maintain body posture; however, this observation needs to be substantiated by future large-scale studies.
Another limitation is the relatively small number of subjects in this cohort. However, our preliminary findings are encouraging, and we hope to undergo a larger-scale study if we have enough funding to pursue both SEP and DTI assessment in more subjects. Because the medulla oblongata/brain stem is the cross-road for nerve fibers involved in other higher cerebral functions, the changes on DTI may also correlate with other known neurologic abnormalities in AIS, such as abnormal postural balance or impaired vestibular function, which may be partially related to somatosensory function. Further investigations correlating DTI and other neurologic functions should be addressed in future research. The information obtained may provide a new insight to the pathophysiology of the neural pathway in AIS and may potentially affect treatment of AIS in the future.
CONCLUSIONS
We applied the DTI technique to evaluate the function of WM fibers along the medulla oblongata and spinal cord in patients with AIS. This study has demonstrated that there is altered DTI metrics in the medulla oblongata and the cervical spinal cord in patients with AIS compared with age-matched healthy subjects. Significant correlation is presented between FA values at the C4 -5 and low-set tonsillar level. The findings from this study are in agreement with those in previous studies showing that abnormal SEP readings only occurred above the C5-6 level in patients with AIS and might partially explain the pathophysiology of the neural pathway involved. If substantiated, this hypothesis may potentially affect treatment of AIS in the future.
